There has been a growing interest in the synthesis and characterization of amorphous chalcogenide glasses due to their importance in preparing electronic memories, grating, switching devices and their optical applications as good IR transmitting materials. The study of the glass transformations and crystallization processes in the amorphous systems is interesting not only from the fundamental aspect of establishing the reaction mechanism of crystal nucleation and growth, but also from a technological point of view. The present research work is concentrated on the study of glass transition and crystallization behavior in Ga15Se85−xPbx with x = 0, 3, and 6 chalcogenide glasses by dierential scanning calorimetry. Their amorphous nature has been veried by X-ray diraction. The dierential scanning calorimetry experiments were performed at dierent continuous heating rates (5 to 25 K/min). The glass transition temperature (Tg) and crystallization temperature (Tc) of these glasses has been determined from dierential scanning calorimetry thermograms. The dependence of Tg and Tc on the heating rate (β) has been used for the determination of dierent crystallization parameters such as the activation energy of crystallization (∆Ec), the activation energy for structural relaxation (∆Et) and the order parameter (n). The results of crystallization were discussed on the basis of dierent models such as Kissinger's approach and modication for non-isothermal crystallization in addition to Johnson, Mehl, Ozawa and Avrami.
Introduction
Studies of glass transition and crystallization behavior in chalcogenide glasses are of particular interest because they are connected with such important phenomena as memory type of switching, reversible optical recording, etc. Thermal analysis is a very useful tool for describing the glass transition and crystallization kinetics as it is rapid and convenient.
One of the most important problems in the area of chalcogenide glasses is the understanding of glass transition mechanism. The nature of glass transition is complex and even today remains poorly understood [1] . For 186 binary and ternary chalcogenide glasses, a good correlation between the glass transition temperature (T g ) and the overall mean bond energy of a covalent network of a glass was found [2] . Chalcogenide glasses are often called lone-pair semiconductors. The chemical bonds with lone-pair electrons are characterized by electron exibility [3] . The lone-pair electrons have an important role in chalcogenide glass formation [4, 5] . Because of the electrostatic repulsion and the repulsion caused by the Pauli exclusion principle, the valence electrons tend to avoid one another [6] . Therefore, it is easier to distort a bond with lone-pair electrons than a bond with no unshared electrons. The glass transition is exhibited as an endothermic peak in dierential scanning calorimetry * corresponding author; e-mail: zishan_hk@yahoo.co.in 
(iii) non-isothermal techniques are suitable for the determination of the stability of the amorphous alloys and for the investigation of nucleation and growth processes that occur during transformation of the metastable phases in the glassy alloy as it is heated at constant heating rates.
The study of glass transition and crystallization kinetics in amorphous materials by DSC methods has been widely discussed in the literature by various workers [1322] . Abu-Sehly [23] has studied kinetics studies of crystallization of TeAsCu chalcogenide glasses, Elabbar et al. [24] have studied the crystallization kinetics of PbSe chalcogenide glasses using DSC techniques, Soltan [25] has studied the pre-crystallization kinetics of PbSe glass, Mehta et al. [26] have studied the glass transition phenomena in SeTe and SeGe based ternary chalcogenides glasses, Abd Elnaeim et al. [27] have studied the glass transition and crystallization kinetics in InSeTe chalcogenide glasses. The work on glass transition temperature and thermal stability of SeSn chalcogenide glass by Omar et al. [28] , study of the glass transition in amorphous Se by Abu-Sehly et al. [29] , calorimetric studies of SeTeCd and SeTeCdIn multicomponent chalcogenide glasses by Kumar and Singh [30] , phase transformation kinetics of SeGePb chalcogenide glass by Praveen et al. [31] , determination of crystallization parameters of GeTe glasses by El-Oyoun [32] are also worth mentioning. The studies on preparation and char- The contents were heated in a microprocessor-controlled programmable mue furnace, where the temperature was increased at 3 K/min up to 1273 K and kept at that temperature for 14 h with frequent rocking to ensure the homogenization of the melt. During the melting, the tube was frequently shaken to homogenize the resulting alloy. The melt was then rapidly quenched by ice water.
After quenching, ingots of the sample were removed by breaking the ampoules. A Philips Model PW 1710 X-ray diractometer was employed for studying the structure of the material. The copper target was used as a source of X-rays with λ = 1.5404 Å (Cu K α1 ). The scanning angle was in the range of 20
• 100
• . A scan speed of 2
• /min and a chart speed of 1 cm/min were maintained. the glassy alloys at dierent heating rates are given in Table I . It reveals that the glass transition temperature is shifted to the higher values by increasing the heating rates from 5 to 25 K/min for all the samples of Ga 15 Se 85−x Pb x glasses. The glass temperature T g as dened by the endothermic change in the DSC trace indicates a large change of viscosity, marking a transformation from amorphous solid phase to supercooled liquid state. The pronounced variation of T g with heating rate is a manifestation of the kinetic nature of the glass transition. The relatively large endothermic peaks observed in the present work are most likely due to aging eect.
The exothermic peak temperature T c is used to identify the crystallization process. It is evident from Table I that both T c and T g shift to higher temperatures with increasing heating rate. The shift of T c arises from the dependence of the induction time associated with nucleation process. Crystallization is controlled by nucleation and there exist an induction time for nucleation. As the heating rate increases, the temperature at which induction time becomes zero increases leading to the observed shift of crystallization to higher temperatures. This variation of glass transition temperature takes the form of a power law behavior and may be represented by the following expression [47] :
where β is normalized heating rate and T 0 is T g of the glass at a heating rate of 1 K/min, i.e. T 0 = (T g ) 1 . Normalization has been done with respect to a heating rate of 1 K/min. Using Eq. (1) the exponent y is given by
where (T g ) 10 stands for the T g values at a heating rate of 10 K/min. Equation (1) gives an excellent description of the dependence of T g , which increases with increasing heating rate, and the maximum deviation in the theoretical and experimentally measured values is within the average standard error. The heating rate dependence of glass transition temperature T g is an experimentally observed [48, 49] fact.
Theoretically, T g is dened as the temperature at which the relaxation time τ becomes equal to the relaxation time of observation τ obs . At the same time, T g varies inversely [47] as the relaxation time. With increasing heating rate, τ obs decreases and hence the glass transition temperature increases.
The kinetics of isothermal crystallization involving nucleation and growth is usually analyzed using the KolmogorovJohnsonMehlAvrami (KJMA) model [50, 51] . According to this model, the volume fraction of crystallites (α) is given by [5254]:
where α(t) is the volume fraction crystallized after time t, n is the Avrami exponent that is associated with the nucleation and growth mechanisms and k is the reaction rate constant.
In this thermally activated process the reaction rate constant k is related to temperature T and is given by k = ν exp(−∆E c /RT ),
where ∆E c is the activation energy of crystallization, ν is the pre-exponential factor and R is the gas constant.
In the framework of KJMA model, the kinetic parameters n, A and E are assumed to be constant during the crystallization process.
However, as pointed out by Vyazovkin [55] , the crystallization process is generally determined by nucleation and growth, which are likely to have dierent activation energies. It is also possible that dierent growth mechanisms are operating at dierent degree of crystallization leading to temperature-dependent activation energy. The activation energy for crystallization as well as the Avrami exponent can be obtained using a method suggested specically for non-isothermal experiments by Matusita et al. [56] .
The fraction α crystallized at any temperature T is given as α = A T /A, where A is the total area of exotherm between the onset crystallization temperature T 1 , where crystallization just begins and the temperature T 2 where the crystallization is completed. A T is the partial area of exothermic peak between the temperature T 1 and T 2 . The temperature T is selected between T 1 and T 2 .
In non-isothermal crystallization, the existence of a constant heating rate condition is assumed. The relation between the sample temperature and the heating rate can be written as T = T 0 + βt, (5) where T 0 is the initial temperature.
As the temperature constantly changes with time, k is no longer a constant but varies with time in a more complicated form and Eq. (4) becomes
After rearranging and taking logarithms of Eq. (6), Ozawa [57, 58] obtained
According to Eq. (7), a plot of ln(− ln(1 − α)) versus ln β yield a straight line with slope equal to n. Figure 4 shows the variation of ln(− ln(1 − α)) against ln β for Ga 15 Se 85−x Pb x chalcogenide glasses.
The value of n for these compositions is listed in Table II It is well known that crystallization of chalcogenide glasses is associated with nucleation and growth processes and the extent of crystallization increases with an increase in temperature. Due to these order pa-rameter (n) changes. Since for the sample prepared by melt quenching technique, the value of n may be 4, 3, 2 or 1, which can be related to dierent crystallization mechanism; n = 4 represents volume nucleation, three--dimensional growth; n = 3 represents volume nucleation, two-dimensional growth; n = 2 represents volume nucleation, one-dimensional growth; n = 1 represents surface, one-dimensional growth from surface to inside.
In our present system of Ga 15 Se 85−x Pb x chalcogenide glasses, the value of n is equal to 2, which represents volume nucleation, one-dimensional growth.
The crystallization enthalpy (∆H c ) is evaluated by using the formula
where K(= 1.5) is the constant of the instrument used. The value of K was deduced by measuring the total area of the complete melting endotherm of high purity tin and indium and used the well known enthalpy of melting of these standard materials. A is the area of the crystallization peak and M is the mass of the sample. The value of ∆H c for Ga 15 Se 85−x Pb x chalcogenide glasses at dierent heating rates are shown in Table II 
The plot of ln(β/T The activation energy of crystallization can also be obtained from the variation of the onset crystallization temperature with heating rate by using Ozawa's [58] relation as ln β = −∆E c /RT c + C, (10) where C is a constant. Figure 6 shows ln β versus 1000/T c dependences, which come to be linear. The value of ∆E c is calculated from the slope of each line for Ga 15 Se 85−x Pb x chalcogenide glasses and is shown in Table III . The values of the activation energies calculated from Eqs. (9) and (10) Table III that the activation energy of crystallization increases in both methods with increasing Pb content in GaSe system, indicating that the rate of crystallization is higher as the Pb content increases in GaSe system. The increase in activation energy of crystallization may be interpreted in terms of increased hopping conduction in impurity induced states [60] . At higher concentration, alloying eect was observed which could change the mobility gap and various other parameters of the original materials. ) against 1000/T g should be straight line (shown in Fig. 7) and that the activation energy involved in the molecular motions and rearrangements around T g can be calculated from the slope of this plot and are shown in Table III . shown by Moynihan et al. [61] that the activation energy of structural relaxation (∆E g ) can be related to T g and
It is evident from this equation that a plot of ln β against 1000/T g should be straight line (shown in Fig. 8 ) and that the activation energy involved in the molecular motions and rearrangements around T g can be calculated from the slope of this plot and are shown in Table III .
It is clear from this table that the activation energy of glass transition (structural relaxation) increases with increasing Pb content in GaSe system in both methods.
The activation energy of glass transition (structural relaxation) depends on T g and heating rate (β). The glass transition temperature is known to depend on several independent parameters such as the band gap, bond energy, eective molecular weight, the type and fraction of various structural units formed, cohesive energy, the average heats of atomization and the average coordination number [6264] . From Table II , it is observed that the activation energy of glass transition calculated using the two models is in good agreement with each other.
Conclusion
The glass transition behavior and crystallization ki- 
